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ABSTRACT
Depositional, compaction, and tectonic fabrics are resolved with rock magnetic
data in growth strata at Pico del Aguila, a transverse fold in the Spanish Pyrenees.
The anisotropy of magnetic fabrics (remanence (AAR) and susceptibility (AMS at 22
K and 295 K» suggests that the magnetic susceptibility fabric is predominately
carried by platy paramagnetic clay minerals. The phyllosilicate depositional-
compaction fabric is deformed by layer parallel shortening oriented E-W creating a
N-S magnetic lineation in bedding on both anticlinal and synclinal limbs, parallel to
the fold axes. The lineation is likely a grain-scale intersection lineation created by the
platy paramagnetic phyllosilicate grains. The magnitude of the lineation varies little
across the fold and throughout the growth strata suggesting very weak syn or post-
folding layer parallel shortening. Minimum principal axes are perpendicular to
bedding across the fold suggesting that the paramagnetic grains were not deflected by
bedding parallel shear strain. Near the anticlinal hinge, the magnetic lineation is fold
axis perpendicular, resulting from flattening related to thrust sheet emplacement.
AMS is a sensitive measure of depositional, compaction, and tectonic fabrics in
marine clastic rocks even in the diagenetic realm less than 100°C and a few km depth
of burial.
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Introduction
Structural geologists study rock deformation and folding kinematics in fold and
thrust belts in order to reconstruct strain histories, incrementally balance cross sections
and develop paleogeographic reconstructions. Numerous studies have used finite and
incremental strain data, the distribution of mesoscopic fabrics within structural
domains to elucidate deformation (Cloos 1947, Ramsay 1964). In foreland emergent
thrust systems, where folding occurs at shallow depths and low temperatures,
kinematic recorders such as penetrative strain are often absent and brittle structures
may be sparse. Previous researchers have used the anisotropy of magnetic
susceptibility (AMS) as a proxy for strain in areas where other methods may not be
available (e.g. Aubourg et al. 1991, Borradaile 1988, Averbuch et al 1992, Borradaile
and Henry 1997, Borradaile and Jackson 2004, Larrasoana et al. 2004, Latta and
Anastasio 2007).
AMS, a second-rank tensor, measures a material's magnetization response to an
induced magnetic field. The tensor, represented as an ellipsoid with principle axes, k1,
k2, and k3, represents the susceptibility contributions of all mineral types.
Crystallography controls the grain's magnetic properties. For oblate paramagnetic clay
minerals, the crystallographic axes correspond to the shape axes. Because
crystallography creates a direct correlation between the oblate shape of paramagnetic
clay minerals and AMS, the ellipsoid of low-field susceptibility can be use to show the
preferred orientation of the clay grains in a sample.
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Several kinematic investigations have used AMS to investigate strain in clay
rich rocks (e.g. Pueyo et a11997, Mattei et a11996, Sagnotti et e11997, Pares et al
2003, Cifelli et al 2005). These results show a strong correlation between strain
directions and the AMS fabric principal axis orientations and, in some cases, a
correlation between finite strain amount and fabric strength. Clays are used in these
strain studies because their oblate shape has a predictable original depositional fabric
and responds sensitively to low levels of strain.
Because AMS is a total fabric measurement, additional tests must be done to
ensure that the AMS fabric represents the orientation of the paramagnetic minerals.
Small amounts of strongly susceptible ferromagnetic minerals such as magnetite or
sulfides can dominate the total fabric despite being sparse. Measuring the anisotropy of
anhysteretic remanence (AAR) isolates the ferromagnetic fabric and can be compared
to the AMS results to ensure the fabrics differ. Paramagnetic magnetization is
randomized by thermal energy. If the temperature of a sample is decreased, the
susceptibility of the paramagnetic components is enhanced predictably. Low
temperature susceptibility can measure the paramagnetic contribution to the total
susceptibility.
In order to test the sensitivity of AMS in low strain conditions, I collected
magnetic fabric data from Pico del Aguila anticline, a submarine syn-sedimentary fold
in the Spanish Pyrenees. The anticline formed shallowly, deforming the depositional
surface during sedimentation. The growth strata allow for a good understanding of the
geologic and deformation history of the area (Riba 1976, Poblet and Hardy 1995, Ford
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et e11997, Salvini and Stoti 2002). Comparing the anisotropy of susceptibility fabrics
in phyllosillicate-rich growth strata to predictions about strain orientation and timing
from the growth strata will be used to test the ability of AMS to record strain in a
diagenetic environment.
Geologic Setting
The Pyrenean Mountains formed in the Late Cretaceous to the Early Miocene
as a result of Iberian and European plate convergence (Roest and Choukroune 1992).
The External Sierra represent the Spanish Pyrenean foothills that separate the Jaca
piggyback basin to the north from the Ebro foreland basin to the south, along the
emergent thrust front (Figure 1). The Guarga thrust sheet carries the Jaca wedge-top
basin and underlying series of north-south oriented transverse folds (Anastasio and
Holl 2001). While orogenic contraction forming the Pyrenean Range was north-south
(Roest and Srivastava 1991), these transverse folds, including Pico del Aguila, record
east-west contraction.
Three theories have been advanced to account for the transverse structures.
Anastasio (1992, 1997) suggested that the structures formed due to differential halo-
tectonic loading. The sediment, sourced from east, covered and forced the evaporitic
Keuper facies to migrate west along the axis of the Jaca Basin, forming ridges during
movement. An alternative theory (Seguret 1972, Millan 1994) suggests that as the
South Pyrenean Central Unit rotated, the original frontal-oblique structures also rotated
and new folds formed. A third theory suggests that the folds formed above a westward
propagation oblique ramp within the Guarga thrust sheet (Deramond et aI. 1984). Each
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of these theories involves a different amount of rotation for Pico del Aguila. Because
this study looks at sites only near to the fold and are compared to the fold axes, the
amount of rigid body rotation is not taken into account.
Folding can occur by many different kinematic paths regardless of final fold
geometry (DeSitter 1956, Dahlstrom 1990, Epard and Groshong 1995, Mitra 2003).
Decollement folding models are based on the nature of anticlinal and synclinal axial
surfaces. Pinned hinges, axial surfaces that remain fixed within the folded material,
mark planes of no strain. An axial surface is considered migrating when material
passes through the surface during folding. Varying the nature and migration direction
of a fold's axial surfaces will create distinct strain and growth strata patterns. Although
some studies disagree with the nature of the synclinal hinges at Pico del Aquila (Poblet
and Hardy 1995), previous research using both field measurements and growth strata
models shows that the anticline formed with a fixed anticlinal hinge (Millan et al.
1994, Poblet and Hardy 1995, Pueyo et al. 1997, Castelltort et al. 2003). Pueyo and
others (1997) used AMS to measure strain around the anticline at 12 sites and found a
maximum axis lineation parallel to the fold axis and attributed changes in the overall
lineation pattern to tangential longitudinal strain about the anticlinal hinge.
Pico del Aguila is a regional-scale decollement anticline with a roof-ramp in the
core, bounded on the west by the Arguis syncline and the east by Belsue syncline
(Figure 1). Due to the northern plunge of the structures caused by later thrusting, an
oblique cross sectional cut through the folds is exposed in map view (Figure 2). The
anticline plunges 300 north toward 356 0 affording good access to all structural and
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stratigraphic positions in growth and pre-growth horizons. The anticline formed with
peak burial temperatures of less than 100° C (Holl and Anastasio 1995) and a
maximum burial depth of 1 krn (Hogan and Burbank 1996). Pueyo et al (2002) used
magnetic rotation data to separate two major stages of deformation at Pico del Aguila:
~lding that begins with the onset of contraction and later thrusting associated with the
emergent Guarga thrust sheet.
Multiple stratigraphic and magnetic studies constrain the timing of deformation
at Pico del Aguila (Puigdefabregas 1975, Hogan 1991, Millan et al. 1994, Poblet and
Hardy 1995, Castelltort et al. 2003, Newton et al. 2006). The pre-folding strata consist
of Triassic through middle Eocene':'age rocks. These sediments, mainly shallow water
carbonates with limited clastics, lie above the evaporitic Keuper strata of the Pont de
Suert formation, which serves as the decollement layer. Folding began in the middle
Eocene during the deposition of the Guara Formation, a foraminiferal carbonate bank
that forms the resistant topography of Pico del Aguila.
As folding continued and deformed the depositional surface, the growth strata
preserved progressive unconformities that can be used to study folding history. The
first syn-folding unit at Pico del Aguila is the Arguis formation, which includes neritic
glauconitic sands, marl and turbidite-rich deltaic slope deposits. Lower Arguis beds
onlap onto the folded Guara limbs and are only continuous over the hinge. Subsequent
growth strata include the Belsue-Atares formation, sandstone-rich prograding delta
plain deposits and the Campodarbe fluvial strata, deposited largely after folding at Pico
del Aguila ceased (Castelltort et el. 2003). The growth strata are a regressive sequence,
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showing general shallowing during folding. The base of the Arguis formation is tightly
folded with an interlimb angle of 85°. Folding degree diminished up section with the
top of the Arguis openly folded with an interlimb angle of 148°. Folding at Pico del
Aguila ceasing during the deposition of the Campodarbe formation, marked by
unfolded beds.
Methods
Multiple, oriented samples were collected from scattered sites around the Pico
del Aguila anticline by either drilling cores or collecting oriented blocks. The cores,
one inch in diameter and at least two inches long, were trimmed to one-inch lengths.
The blocks were reoriented in plaster and cores were drilled in the laboratory and then
trimmed. I add 31 sites to complement 12 sites measured by Pueyo and others (1995)
covering varying structural and stratigraphic positions around the anticline (Figure 2).
Samples were collected from the hinges of the bounding synclines, the limbs and the
hinge of the anticline. All the sites are within the syn-orogenic Arguis formation. The
lower section onlaps onto the pre-growth Guara section and experienced more folding
than the uppermost part of the formation. The younger strata were only deposited at the
end of folding and are continuous over the hinge. Sites include various stratigraphic
positions in order to record these various stages of folding.
Six to fourteen samples from each site were measured for AMS and either one or
two samples from each site were measured for AAR. AMS was measured using a
KLY-3s Kappabridge and AAR was measured using a GSD-5 Schonstedt alternating
field demagnitizer and 2G Enterprises Inc. superconducting magnetometer, both at
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Lehigh University. To measure AAR, each rock sample is given an anhysteretic
remanent magnetization (ARM) in different orientations in order calculate the
anisotropy in the acquisition of this laboratory-induced remanence. A partial ARM was
applied with peak alternating fields between 0 and 50 mT to activate the magnetite and
exclude higher coercivity minerals such as secondary iron sulfides. Secondary
ferromagnetic minerals such as sulfides may have grown post-depositionally, possibly
after folding, and are therefore not helpful for the study of deformation. Low
temperature AMS was measured for seven sites, covering varying structural and
stratigraphic positions and grain size, at the University of Michigan in order to isolate
the paramagnetic, phyllosilicate fabric. Samples were soaked in liquid nitrogen and
measured using a modified susceptibility system.
Statistical analysis of the fabrics and axes was done using the PMAG software by
Tauxe (2002). The principle directions are presented as site means and then the
bootstrapped analysis of these means, either showing the resampled points or a 95%
bootstrap confidence ellipse (Figure 3). Bootstrap analysis measures the uncertainty in
the data by re-sampling the existing data, and does not assume a Gaussian distribution.
It is therefore more statistically accurate for second-rank tensor analysis (Constable and
Tauxe 1990).
Results
AMS results have both principle axis directions and eigenvalue ratios. Previous
studies have used the strength of the AMS fabric as a proxy for strain magnitude
following Ramsay (1984). Magnetic fabric studies (Tarling and Hrouda 1993, Pares
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2003) have used the Jelinek plot to show progressive fabric development (Jelinek 1981,
Figure 4), comparing the degree of anisotropy and the shape representation ellipsoid.
The AMS results have a maximum anisotropy degree of 1.0625, much lower than rocks
that have formed pencil cleavage (Pares 2003). Most of the sites have a very weak
oblate fabric showing the preservation of the deposition fabric. Weil and Yonkee
(2009) have suggested that the intensity of the magnetic lineation corresponds to the
amount of finite strain. Figure 5 shows the AMS lineation magnitude against structural
and stratigraphic position. Structural position is measured as distance from the
anticlinal hinge. The AMS results are placed in stratigraphic bins based on the site's
stratigraphic location determined from the growth traces. Each bin is shown as a
different symbol. Most of the lineation values are between 0 and 0.02 with all three
sites between .02 and .04.
The individual site AMS fabrics can be found in the Appendix. Most sites show
a clear triaxial fabric with low dispersion of principal directions. Figure 3 shows all the
site means and the bootstrapped resampling plotted on one stereonet, showing the
similarities between all the sites. Table 1 shows the mean principle axes and the
bootstrapped analysis for the site means in both stratigraphic and geographic
coordinates.
In stratigraphic coordinates the bootstrap resampling shows the minimum axis
site means cluster around the pole to bedding. As seen both in the plotted site mean
data and the bootstrap resampling, there is clear clustering of the maximum axis site
means to the north 347.7" plunging 28.2 0 (Table 1). The fold axis as determined from
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field bedding data is parallel to this maximum axis within a 95% confidence limit.
Looking at the plotted AMS data, there is a slight dispersion of the minimums axes
trending north northeast - south southwest, sub-perpendicular to the maximum axis
lineation. In geographic coordinates the dispersion of the minimum axes is more
pronounced.
There are a specific group of sites near the anticlinal hinge where the AMS
maximum axis is perpendicular to the fold axis, east and west with little to no plunge.
In order to better see the differences in the AMS fabric site means, FIGURE 6 shows
the AMS results grouped by structural position (limb and hinge) and includes AMS
results from Pueyo et al (1997). Organizing the data by structural position shows that
the sites with east-west maximum axes are located near the anticlinal hinge. AMS
results for the other sections show the same north plunging maximum axes. The
minimum axes remain near perpendicular to bedding in all the structural groups.
The AAR results do not show the same patterns. FIGURE 7 shows the AAR
minimum axis for each site and the bootstrap resampling for the site data. There is little
clustering of any principal directions. Within each site, the AMS fabric and the AAR
fabric are not the same.
A representative 8 sites covering different structural position and grain sizes
were measured for low temperature AMS to assess the contribution of paramagnetic
grains to the overall room temperature AMS data. Because the fabric within the rock
was very weak, with an anisotropy of less than 1.06, measurement of principal
directions was not possible. However, measurement of the bulk susceptibility was
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completed. Comparing the bulk susceptibility at low temperatures to the bulk
susceptibility at room temperature shows the paramagnetic enhancement (Figure 8).
The figure includes a line showing a susceptibility enhancement of 3.8, the ideal for a
pure paramagnetic sample. The average low temperature enhancement is 2.9 (Table 2).
Discussion
Magnetic Mineralogy
In order to use the magnetic fabric as to study finite strain, it is important to
understand the mineralogy controlling the magnetism and original pre-tectonic fabric.
Phyllosilicate grains have magnetic susceptibility principal axes that correspond to
their crystallographic axes and have an oblate individual grain anisotropy. As the
tabular paramagnetic phyllosilicates reorient in response to strain, the magnetic
susceptibility fabric will change accordingly. Shale and other clay-rich rocks are
therefore excellent rocks to use for an AMS-strain study.
During deposition, the clay grains will align with their minimum magnetic and
shape axes nearly perpendicular to bedding. The intermediate and maximum axes,
nearly equal in magnitude, will be randomly oriented in bedding. If there is a weak
water current present during deposition, the maximum axes can align parallel to flow,
forming a lineation or perpendicular to a stronger flow (Ellsworth and Ledbetter 1979,
Pares et al 2007) although the oblate shape of clay minerals makes them poor recorders
of current. Compaction during dewatering and lithification will amplify the oblate
shape of the initial depositional AMS fabric. The orientation of the grains will not
change during compaction because the minimum axes are already perpendicular to
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bedding. In response to horizontal tectonic contraction, as layer parallel shortening
begins, the phyllosilicate grains will begin to rotate and the orientation of the AMS
fabric will change.
Although the original depositional fabric of the phyllosilicate grains may be
easily predicted, other grains, such as magnetite, calcite and quartz, may have different
original fabrics due to differences in crystallography and shape. Secondary minerals
such as sulfides form after sediment deposition and may not have an easily predictable
original fabric (Martin-Hernandez and Ferre 2007). The AMS measures the composite
fabric due to the orientation of the diamagnetic, paramagnetic, and ferromagnetic
grains in a ~ample, making it important to separate the different mineral fabrics. Quartz
and calcite minerals have individual less oblate grain anisotropies as clays and
therefore will not have the same original depositional fabric as the phyllosilicates.
It is less important to determine the diamagnetic fabric because these minerals
will have a small effect due to their weak susceptibilities. Hand and thin section
specimens of the Arguis section show a varying abundance of diamagnetic quartz sand
and calcite as both framework grains and cement. Diamagnetic minerals have a weak,
negative susceptibility. Because all the susceptibility measurements for this study are
positive, diamagnetic minerals have not greatly affected the AMS signal. On the other
hand, even low concentrations of ferromagnetic minerals can dominate the
susceptibility measurement because of their much stronger susceptibility.
Low temperature AMS measurements are used to determine the paramagnetic
contribution to the total AMS signal. Because the magnitude of the paramagnetic
12
susceptibility response is based on the strength of the magnetic field countered by the
randomizing force of thermal energy, paramagnetic susceptibility is enhanced when the
samples are cooled to low temperatures using liquid nitrogen (at 77K). According to
the Curie Law of Paramagnetic Susceptibility, when paramagnetic material is cooled to
77K, the bulk susceptibility of the material should increase 3.8 times (Butler 1995, pg.
18). Because the susceptibility enhancement is an average of 2.9, 76% of the 3.8 times
enhancement expected for pure paramagnetic material, these data suggest a significant
contribution of to the susceptibility from paramagnetic material. Only small
concentrations of other magnetic minerals can be present in the samples.
Previous research on the environmental magnetism of the Arguis formation
shows the presence of ferrimagnetic minerals, mainly low coercivity magnetite and
sulfides (Newton 2006). Because ferrimagnetic grains have a much stronger
susceptibility, small amounts can dominate the AMS. The anisotropy of anhysteretic
remanence (AAR) measures the grain orientation of the ferrimagnetic minerals
exclusively and can be used to understand how it corresponds to the total, measured
AMS fabric. If the AMS and AAR fabrics are the same in a phyllosilicate-rich rock,
small concentrations of ferrimagnetic grains may be dominating the AMS signal and
the AMS measurement will not correspond to the orientation of paramagnetic grains.
When inspecting the fabric results within each site, the AAR and AMS still differ. This
shows that, although the susceptibility of many sites shows an incomplete enhancement
from paramagnetic minerals, ferromagnetics are not dominating the AMS fabric.
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The mineralogy and grain size of the sample affects how strain amount is
preserved (Ramsay 1967). In order to ensure that changes in grain size between the
sites did not affect the anisotropy results, hand samples were inspected and binned into
grain size groups. The data in this study shows no pattern between the observed grain
size in hand sample and the degree of anisotropy.
Magnetic Fabrics
In areas of low strain there are no pervasive fabrics to measure the magnitude or
tectonic strain. Studies in the Appalachian Valley and Ridge Province (Reks and Gray
1982) show that pencil fabrics develop between 9-26% shortening. The rocks at Pico
del Aguila have developed beddingIissility but have no sign of pencil fabric showing
that shortening must be less than 9%. Some sites, for example PdA 10, 16, and 20, all
show the beginnings of girdle fabric, demonstrative of a pencil fabric, but there is not
enough pressure solution, finite strain, framework grains or matrix to create a
mesoscopic fabric.
Both the Jelinek and lineation plots (Figures 4and 5) show a very weak tectonic
fabric even though strain was not sufficient to create mesoscopic fabrics (Anastasio and
Ho1l2001). The AMS fabrics on the Jelinek plot are very weak and correspond to pre-
pencil fabrics during progressive deformation (Pares 2002). The lineation magnitudes
are all extremely low regardless of structural or stratigraphic location. The AMS results
for older beds, present for the most folding, do not show stronger lineations or greater
amounts of deformation. Because the lineation is consistently weak, the magnitude of
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the lineation cannot be used as a proxy for finite strain or to determine heterogeneous
strain magnitude patterns under these low strain conditions.
The AMS directional results include principal axis eigenvectors that correspond
to the grain orientation of the phyllosilicate minerals. During deposition the magnetic
grains align with their minimum axes perpendicular to bedding and the maximum axes
are randomly oriented in the bedding plane. The resultant AMS fabric shows the
minimums clustered parallel to the vertical and the maximum and intermediate axes
randomly distributed near the horizontal. Compaction and dewatering amplifies the
oblate fabric but does not affect the orientation of the principal axes. AMS fabrics from
this study show minimum axes site means clustering around the bedding pole,
demonstrating a preservation of the original deposition fabric.
The presence of the well-clustered maximum axes lineation in geographic
coordinates parallel to the fold axis clearly shows that tectonics has deformed the
original deposition and compaction fabric. Although the fabric shows a well-organized
lineation, the lineation magnitude remains very weak. It is difficult to create a strong,
organized lineation with oblate material such as phyllosilicate minerals by realigning
the maximum crystallographic axes. The well-clustered magnetic lineation that it
parallel to the fold axis in most sites likely represents the intersection between oblate
grains that have been slightly rotated (Figure 9, Weil and Yonkee 2009). The
intersection between the grains is perpendicular to compression and in the direction of
greatest elongation. This lineation model allows the formation of the well-clustered
maximum lineation seen at Pico del Aguila with very low strain. The slight dispersion
15
of the minimum axes perpendicular to the maximum axes lineation seen in the AMS
site results corresponds to the slight offset caused by grain rotation.
Folding is often accompanied by layer parallel shortening (LPS), which
contracts the rock and creates a principal elongation direction perpendicular to the
shortening direction and parallel to the fold axis. The AMS intersection lineation at
Pico del Aguila, parallel to the fold axis, is consistent with layer parallel shortening.
Previous research in other orogens show that layer parallel shortening can occur before
the onset of folding (Geiser and Engelder 1983, Tavemelli and Alvarez 2002). At Pico
del Aguila, the AMS layer parallel shortening fabric is consistent throughout the
stratigraphy, lower stratigraphy shows the same orientation as younger beds. Because
the LPS fabric remains parallel to the fold axis throughout folding and is not rotated as
the beds continue to fold, the layer parallel shortening must be either syn or post
folding.
Pueyo et al. (2002) using paleomagnetic measurements shows a maximum
clockwise rotation of 40° within the syn-tectonic Arguis and Belsue-Atares formations.
Because the intersection lineation is well cluster throughout the stratigraphy and is
presented in reference to the fold axis, which rotated in the same reference frame, the
syn-tectonic rotation in not considered in the displayed results.
Many folds with clear bedding anisotropy are modeled to deform by layer
parallel shear. Layer parallel shear would deform the AMS fabric by rotating the
minimum axis out of the bedding pole, closer to the bedding plane. While the
bootstrapped analysis of the results show that the minimum axes cluster around the
16
pole to bedding, the site results show slight dispersal of the minimum axes. This shows
that either there was a rotation of the minimum axis away from the original
depositional fabric or the clays were not deposited perfectly bedding parallel. This
rotation in the majority of sites, 55%, show less than 20° of rotation in the profile plane
to the fold, parallel to fold contraction. Most of those sites with greater degrees of
minimum principal axis rotation show movement opposite to that predicted by a
flexural shear model (Figure 10). Bedding slip shear does not significantly rotate the
AMS minimum axes.
The significant amount of shortening and the low strain conditions at Pico del
Aguila suggest a flexural shear model within the well-bedded clay strata. Movement
during bedding parallel shear is constrained to planes of slip so it is possible that the
AMS sites were sampled to closely to detect these slip planes. Slip planes more widely
spaced than our sampling, over 1 meter, would have to accommodate a large amount of
movement and would likely cause mesoscopic shear zones, which are absent at Pico
del Aguila. If shear occurred on the grain scale with slip accommodated with
phyllosilicate grain boundary sliding, the shear would not cause a rotation of the AMS
minimum axes. The AMS would not be able to measure the shear on the grain scale, as
it would not affect grain orientation.
The best way to determine folding kinematics ~s to inspect the heterogeneous
strain pattern across the fold and compare the results to kinematic models for
decollement folding. Decollement folding occurs when a stiff, competent layer slides
and buckles over a less competent layer. The more competent layer will often fault and
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fracture while the less competent unit is more likely to flow (Latta and Anastasio
2007). The kinematic models for this type of folding differ by varying the location,
depth and constancy of the decollement layer and the position and movement of strata
through synclinal and anticlinal axial surfaces. The location of axial surfaces during
folding creates a distinct finite strain pattern that has been well modeled (Twiss and
Moore 1992) and can be used to determine folding kinematics.
At Pico del Aguila, the geometry of the progressive unconformities of the
growth strata show that the anticline formed with a fixed hinge and rotating limbs
(Poblet and Hardy 1995). The growth strata trace created for this study shows that the
location of the synclines did not migrate far, if at all, suggesting a fixed limb length
model. If both the anticlinal and synclinal hinges were pinned, there would be a space
problem in the core of the fold that would require the evacuation of a large amount of
material. The fault and the thinning of the evaporate units in the core (Figure 2) is
consistent with a rotating, fixed limb-length model.
Although the LPS intersection lineation is well clustered in the north, sites near
the anticlinal hinge show in a differing east west lineation. Pueyo and others (1997)
attributed the lineation change to tangential longitudinal strain; a stretching that creates
an elongation direction perpendicular to the fold axis. A stretching elongation cannot
rotate the grains and create an intersection lineation. There is not sufficient strain to
stretch the grain's crystallography axes and create a lineation by grain deformation.
The change in the lineation orientation must be caused by a change in the direction of
principal shortening because contraction causes grain rotation and an intersection
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lineation. The later thrusting, which causes the structure's northern plunge, may cause
north-south compression in the Arguis formation near the hinge. Here the weaker
Arguis beds are sandwiched between the massively bedded Belsue-Atares sandstones
above and Guara limestone beneath. The extremely weak fabric and the poor clustering
pattern of the minimum and intermediate axes near the hinge is most likely because
thrusting would have to overprint the pre-existing layer parallel shortening tectonic
fabric.
Conclusions
The AMS signal for the sampled Arguis rocks is dominated by platy
paramagnetic minerals. The resultant signal records a phyllosilicate grain preferred
orientation despite very low fabric anisotropies. AMS results showed a clustering of
minimum axes perpendicular to bedding, demonstrating the preservation of an original
depositional and compaction fabric. The AMS magnitude data on the Jelinek plot
shows the beginning of progressive deformation with some sites becoming prolate but
the fabrics still remain very weak. Magnitude of the lineation is consistently weak
across the whole fold, irrespective to structural or stratigraphic position.
Although the low strain at Pico del Aguila is not sufficient to create mesoscopic
fabrics in the field, the AMS show a well-clustered maximum axes lineation due to the
intersection of the rotated grains caused by tectonic contraction. The grain intersection
model allows for the oblate clay minerals to form a well-clustered lineation without
extensive grain rotation realigning the maximum shape axes. During syn or post
tectonic layer parallel shortening, a lineation formed perpendicular to the compression
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direction and parallel to the fold axis consistently throughout the stratigraphy and over
nearly all structural positions.
Sites near the present anticlinal hinge show a weak but different lineation
stretching east west, overprinting the north plunging LPS lineation. The cause of
anisotropy change is due to a change in the direction of contraction. Although previous
studies have attributed this change to tangential longitudinal strain associated with a
stretching over the anticlinal hinge, elongation cannot create an intersection lineation.
Contraction of the thinned Arguis formation draped over the anitclinal hinge between
the more competent Belsue-Atares and Guara formations units during thrusting caused
contraction and formed an east-west intersection lineation.
AMS studies can detect small change in grain orientation in areas of low strain such as
Pico del Aguila. Clay minerals have a predictable original deposition and compaction fabric
allowing for changes in grain orientation due to tectonic deformation to be easily found and
distinguished. Although strain at Pico del Aguila was too weak to cause extensive grain
rotation recording finite strain magnitudes or bedding parallel shear, AMS sensitively recorded
both a layer parallel shortening lineation and contraction due to large scale thrusting. The
AMS measurement is quick, inexpensive and measures low amounts of strain where other
methods are not useful.
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Table 1: Bootstrap Statistics
Max a D Intr. a " 10 I Min a D
AMS . ., " I' .
Geo 0.3354 0.0003 347.7 28.2 . 0.3331 0;0003 ?C;C; 1 4.8 0.3315 0.0003 156.4 61
Strat 0.3468 0.0123 54.7 0 0:3294 ,'0;0048 I 144.7 " 0.1 0.3238 0.0075 293.6 90
AAR
"
" / .. ' " , '
.-
Geo 0.3394 0.0035 81.7 4 ,'0.3341 n nO? ':l41f ,68.4 0.3265 0.0046 173.2 21
Strat 0.3378 0.0033 259.7 3.3 0.3347 . 0.0022 355.l 59.7 0.3275 0.0049 167.8 30
Table 1: Bootstrap statistical data for the AMS and AAR fabric data in
geographic and stratigraphic coordinates.
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Table 2: Low Temperature Enhancement
Average Paramagnetic
Site Enhancement
PdA1 3.21
PdA2 3.36
PdA6 3.21
PdA7 3.10
PdA22 3.30
PdA27 2.29
Kin3 2.62
PdA17 2.20
Average 2.91
Table 2: Low temperature bulk susceptibility enhancement for selected sites.
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Figure 1 - The Spanish Pyrenees and The External Sierra
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Figure 1: Map of the Spanish Pyrenees with detailed insert of the External Sierra
and Stratigraphy.
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Figure 2 - Geology of Pico del Aguila
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Figure 2: Geology and
stratigraphy of Pico del
Aguila with growth strata
traces within the Arguis
fonnation. Black dots
denote sites sampled for the
current study. Hollow
squares are sites sampled
during Pueyo et al. (1997)
and are included in the
orientation results of this
study.
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Figure 3 - AMS Site Results
AMS - All Site Results
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Figure 3: AMS Site Mean Results and Bootstrap Resampling
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Figure 4 - Jelinek Plot
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Figure 4: Jelinek plot with progressive deformation path.
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Figure 5 - Magnetic Lineation Magnitude
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Figure 5: Magnitude of the maximum axis lineation with respect to distance
from the anitclinal hinge and stratigraphic bins.
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Figure 6 - AMS Structural Groups
North
Figure 6: AMS fabric results separated into structural sections.
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Figure 7 - AAR Results
AAR - All Site Results
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Figure 7: AAR Site Mean Results in Stratigraphic and Geographic Coordinates
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Figure 8 - Low Temperature Susceptibility
Paramagnetic Enhancement
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Figure 8: Low temperature susceptibility of selected sites and predicted pure
paramagnetic enhancement.
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Figure 9 - Intersection Lineation
Figure 9: Physical model for the intersection lineation showing grain
rotation in response to contraction.
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Figure 10 - Minimum Axis Lineation
Figure 10: Site labels
and bedding data for all
sites. Plum lines show
the calculated rotation
for the minimum axis in
the profile plane.
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Appendix
AMS Fabric Results in Geographic and Stratigraphic Coordinates for
all sites
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